The selective catalytic reduction (SCR) methodology is notably recognized as the widely applied strategy for NO X control in exhaust after-treatment technologies. In real SCR systems, complex unsteady turbulent multi-phase flow phenomena including poly-dispersed AdBlue ® spray evolve with a wide ranging relative velocity between the droplet phase and carrier gas phase. This results from an AdBlue ® spray that is injected into a mixing pipe which is cross-flowing by a hot exhaust gas. To reduce the complexity while gaining early information on the injected droplet size and velocity needed for a minimum deposition and optimal conversion, a single droplet with a specified diameter is addressed to mimic a spray featuring the same Sauter Mean Diameter. For that purpose, effects of turbulent hot cross-flow on thermal decomposition processes of a single AdBlue ® droplet are numerically investigated. Thereby, a single AdBlue ® droplet is injected into a hot cross-flowing stream within a mixing pipe in which it may experience phase change processes including interaction with the pipe wall along with liquid wall-film and possible solid deposit formation. First of all, the prediction capability of the multi-component evaporation model and thermal decomposition is evaluated against the detailed simulation results for standing droplet case for which experimental data is not available. Next, exploiting Large Eddy Simulation features the effect of hot turbulent coand cross-flowing streams on the dynamic droplet characteristics and on the droplet/wall interaction is analyzed for various droplet diameters and operating conditions. This impact is highlighted in terms of droplet evaporation time, decomposition efficiency, droplet trajectories and wall-film formation. It turns out that smaller AdBlue ® droplet diameter, higher gas temperature and relative velocity lead to shorter droplet life time as the droplet evaporates faster. Under such conditions, possible droplet/wall interaction processes on the pipe wall or at the entrance front of the monolith may be avoided. Since the ammonia (NH 3 ) gas generated by urea decomposition is intended to reduce NO X emission in the SCR system, it is apparent for the prediction of high NO X removal performance that UWS injector system which allows to realize such operating conditions is favorable to support high conversion efficiency of urea into NH 3 .
Introduction
Emission regulations in the automotive industry have become increasingly stringent, especially for diesel engines for both heavy-duty trucks, passenger cars and off-highway applications for which the limits on NO X content in exhaust gas will be even further tightened [1] [2] [3] . A viable way to meet these requirements is in combining in-cylinder innovative combustion technologies and accurate exhaust after-treatment strategies [2, 4] . Focusing on the exhaust after-treatment, the selective catalytic reduction (SCR) methodology is notably recognized as the widely applied technique for NO X control [3, 5, 6] .
To achieve the suitable high NO X reduction rates, optimal atomization and evaporation of UWS droplets (UWS: urea-water solution), as well as the thermal decomposition of urea and the subsequent mixture formation of the resulting reducing agent ammonia in the exhaust system are crucial [5, [7] [8] [9] . At the same time, the formation of undesirable deposit products on the exhaust duct wall must be avoided to ensure reliable operation. Both processes, NO X reduction and the formation of deposits, are largely determined by the process evolving in the mixing section upstream to the SCR monolith and the positioning and type of UWS injector [10] . Many experimental and numerical investigations have been carried out in order to describe the evaporation process of UWS single droplet along with the thermal decomposition under various operating conditions [7] [8] [9] [10] [11] .
Focusing on numerical simulations, an accurate way to account for all processes might consist in the use of a detailed simulation of both processes close to the droplet surface and within the droplet for the liquid phase. This art of simulations is unfortunately computationally very costly for turbulent poly-disperse sprays and only suitable for single droplet without complexities related to engineering applications [11, 12] . With regards to the UWS binary system, the affect of convective flow around the AdBlue ® droplet is neglected to reduce computational costs with over-saturation and crystallization of urea are not considered (e.g., [11] ).
The state-of-the art for engineering predictions consists in applying droplet evaporation models mostly in the context of RANS technique in which the droplet phase is tracked by a Lagrange particle approach while the Eulerian framework is adopted to describe surrounding gas phase. In particular, instead of resolving the interface between gas-droplet phase, rather so-called film-based models including the 1/3 or 2/3 rule are used. A review of the various existing evaporation models can be found in [12] [13] [14] [15] . The process within the droplet is captured by so-called droplet models (e.g., Rapid Mixing model [5] , conduction limit model [7] , effective conductivity model, diffusion model [11] , vortex model, etc.). Thermal decomposition mechanisms are diversely implemented and various conversion rates achievements discussed (e.g., [5, [7] [8] [9] 16] ). However, the complexity of evaporating urea sprays as they are encountered in large-scale exhaust systems does not facilitate the task once urea is sprayed within a mixing pipe configuration and evolves in an unsteady environment. From all these studies, it could be observed that under unfavorable operating conditions the UWS at the entrance of the SCR catalyst is not always fully evaporated or converted. As a result, droplets of UWS can get into the fine channels of the catalyst and interact with them leads to an inefficient NO X reduction and in the worst case to failure of the SCR system due to deposit formation within the fine monolith channels [3, 17, 18] . This shows that the main issue in SCR system to find out the optimal velocity of urea injection and the UWS spray droplet size remains still unsatisfactory addressed.
Although diverse operating conditions have been considered in the literature as reviewed in [7] [8] [9] 19] , it is noteworthy that the effect of turbulence modulation on the evaporation and thermal decomposition process has not yet been really investigated in SCR systems. In [20] only the effect of turbulence on the droplet trajectory by means of a dispersion model within the RANS framework has been reported. It is therefore of great interest to investigate how the turbulent cross-flowing stream conditions may influence the modification of transport in the vicinity of the droplet interface. For single component droplet sprays, the effect of turbulence on vaporization and mixing of liquid-fuel sprays has been experimentally investigated in [14, 21, 22] and numerically in [14] resulting in the consideration of a so-called evaporation Damkoehler number defined as the ratio of the turbulence time scale to the vaporization time scale [14, 21] .
In SCR systems, contributions towards the analysis of mixing and evaporation have been reviewed in [5, 7, 8, 20] . However, the most of these works focused solely on retrieving the evaporation and thermal decomposition of UWS along with the ammonia conversion rate in mono-disperse UWS sprays using RANS models without particular consideration of turbulent flow modulation process. Only recently, hybrid LES/RANS (HLR) [19] and full LES [23] approaches have been implied to accurately describe the gas phase processes far around the droplet.
Kaario et al. [19] undertook simulation of single droplet in uniform ambient flow prior to their 3D (3 dimensional) simulations of mono-disperse spray. To get insight into the UWS injection, they used the hybrid LES/RANS (HLR) approach to create phase diagrams that can allow to predict the optimum operation regions for the SCR systems. Thereby, the injection process was primarily characterized as function of the gas velocity (gas velocity U g = 0, U bulk , U inj ) and droplet size (assuming a constant droplet temperature (T p = 323 K) and gas temperature (T g = 523 K), as well as as function of the initial droplet diameter (D p = 10, 20, 30 40 µm) and the slip velocity. In their study, the UWS is considered as a single component for which the mass transfer during the droplet evaporation is described according to Bird et al. (1966) [24] where the mass transfer coefficient follows the Ranz and Marshall [25] ansatz. Gan et al. [16] pointed out the relation between evaporation time, droplet initial diameter and relative velocity, and found out that droplet with smaller diameter, higher gas temperature and relative velocity likely lead to shorter evaporation time. Operating temperature plays a key role as a determining factor for deposit component while temperature and reaction time strongly affect the deposit yield. However, this investigation was conducted within the RANS context completely missing the effect of turbulence modulation. Nishad et al. [7, 23] developed an LES-based Eulerian-Lagrangian framework to study evaporation and thermal decomposition and applied it toAdBlue ® single droplet as experimentally investigated in [26] without cross-flowing effect [7] and to AdBlue ® spray in hot cross-flowing stream without consideration of turbulence modulation effect and wall-film formation process [23] .
With respect to droplet trajectories, most of the studies in the literature have been carried out in the context of gas turbine combustion chamber applications for single component droplets under ambient conditions. Thereby, various semi-empirical correlations could be derived to describe the droplet trajectory [27] . Only few studies have been conducted at elevated pressure and temperature as pointed out by Prakash et al. [28] who suggested a new analytical correlation. This depends not only on the effective magnitude of the liquid-to-air ratio as in ambient conditions, but also on the density ratio of both the carrier phase and the single component liquid fluid. The case of multicomponent droplet with varying compositions during evaporation process as it occurs in SCR systems is not yet addressed.
In real SCR systems, complex unsteady turbulent multi-phase flow phenomena including poly-dispersed AdBlue ® spray evolve with a wide ranging relative velocity between droplet phase and carrier gas phase. This results from an AdBlue ® spray which is injected into a mixing pipe which is cross-flowing by a hot exhaust gas. To reduce the complexity while gaining early information on the injected droplet size and velocity needed for a minimum deposition and optimal conversion, a single droplet with a specified diameter is investigated in the present paper to mimic a spray featuring the same Sauter Mean Diameter. The LES-based Eulerian-Lagrangian model including a multi-component evaporation model along with a thermal decomposition mechanism as developed by Nishad et al. [7] is extended to include wall-film formation model and subsequent possible deposit formation in order to study the effect of turbulent cross-flowing stream conditions on the dynamic droplet characteristics. The effect is monitored in terms of evaporation time, decomposition efficiency, droplet trajectory and liquid wall-film formation. The objective is to provide early information on the injected droplet size and velocity required for a minimum deposition and optimal conversion. The paper is organized as follows. In the next section (Section 2), the droplet configurations to be investigated are introduced. In Section 3, the modeling description of the evaporation, thermal decomposition and liquid wall-film formation is shortly introduced, followed by an outline of a detailed simulation model which will provide first reliable comparison data for the evaporation and thermal decomposition processes. The achievements of the LES-based Eulerian-Lagrangian model and the comparison with those obtained by the detailed numerical simulations of a standing droplet case (S1), for which no experimental data are available, are discussed in Section 4. The validated model is then used to retrieve the effects of the turbulent co-and cross-flowing streams (S2-S4) on the evaporating droplet dynamics and on the droplet/wall interaction process in Sections 5 and 6, respectively. The last section is devoted to concluding remarks.
Droplet Configurations under Study
For the specific purpose of this study, four droplet configurations are designed as depicted in Figure 1 mimicking the operating flow conditions in SCR systems. Since SCR systems are in reality streamed by complex unsteady turbulent multi-phase flows that include poly-dispersed AdBlue ® droplets and carrier gas phase with non-vanishing relative velocity, the simulation of stagnant droplets with vanishing relative velocity (see Figure 1 , case S1) will serve only for validation purposes with detailed numerical simulation data for which experimental data are not available. Note that the characteristics of the depletion process of a single UWS droplet have been reported in [23] based on various experimental temperatures operating conditions investigated by Wang et al. [26] with gravity effect. In the present paper, the influence of relative velocity on both the evaporation and thermal decomposition will be investigated for various droplet diameters and gas phase temperatures (see Figure 1 , cases S2-S4) taking advantage of the LES capabilities of the LES-based Eulerian-Lagrangian module. Case S2 considers a standing droplet, while case S3 depicts a droplet into a convective environment with co-flow characterized by various relative velocities between the carrier phase and the droplet phase. S4 represents an injected droplet into a hot cross-flowing stream within a mixing pipe in which the droplet may experience phase change processes including interaction with the pipe wall along with liquid wall-film and possible solid deposit formation processes. A hex-hedral mesh with 216 grid points is used to investigate the standing droplet cases (case S1-no gravity, and case S2-with gravity). For the case with droplet relative velocity (case S3), the domain with 30 × 30 × 50 mm 3 is discretized by a total of 45,000 control volumes (CVs). The case S4 is selected from a generic experimental configuration as reported in [10] . A hex-hedral mesh with ≈3.55 millions CVs is used to spatially discretize the complete domain (see Figure 1d ). Since, the present simulations are near wall resolved, the mesh size varies from near wall to the duct core (from 120 µm at wall to 0.1 mm at flow core). Proper initial and inlet boundary conditions are prescribed by following our previous study [23] .
Model Formulation
In this section, the LES-based Eulerian-Lagrangian numerical module is concisely described. Then, the mathematical modeling of the detailed simulation tool is outlined.
LES-Based Eulerian-Lagrangian Numerical Module
This module consists of an Eulerian description of the gas phase in the LES context and a Lagrangian framework for tracking the UWS droplet. It thus includes a multicomponent evaporation model, a thermal decomposition mechanism and a description of liquid wall-film formation.
Description of Carrier Phase and LES Model
In this paper, the flow turbulence is described by the a classical LES model. In this, large flow structures are fully resolved, while sub-grid scale (SGS) models are applied to closed the small scale non-filtered terms . The filtered transport equations read;
∂Ψ ∂t
Thereby the quantityΨ is defined asΨ = ρΨ ρ , t expresses the time, x the coordinate vector, x i , (i = 1, 2, 3) the coordinate component and u i the velocity component. Overbars and tildes express spatially filtered with a filter width ∆ g and density-weighted (Favre-filtered) quantity, respectively. The remaining quantities in Equation (1) are provided in Table 1 for a Newtonian reacting fluid flow under investigation here. Table 1 . Specification of quantities appearing in the filtered transport equations.
Sh
In Table 1 the quantitiesρ andp are the Favre averaged density and pressure, respectivelyũ i the gas phase filtered velocity,F the filtered molecular diffusion term, F SGS the sub grid diffusion part. The quantityΣΨ represents a supply contribution, andWh is an extra source term of enthalpy that may be due to radiation. Sψ, the so-called phase interaction/source term due to spray droplet ( [29] ). Dψ denotes the scalar diffusion coefficient.
Since the turbulent co-and cross-flow features a wall-bounded flow, a Wall-Adapting Local Eddy-Viscosity (WALE) Model [30] is considered appropriate with reasonable computational cost as pointed out in [30] [31] [32] , among others. In which, the term τ SGS ij = u i u j −ũ iũj also called SGS stress tensor is closed as:
In these equations, S d ij is the deviatoric part of the square of velocity gradient, D ij the symmetric part of the velocity gradient, ∆ g the filter width and C w = 0.5, a model coefficient expressed in terms of Smagorinsky coefficient as C 2 w = 10.6 · C 2 s [32] ( for C s = 0.17). Note that in the present study the size of wall mesh is kept close to "Y + ≤ 1.0" in order to carry out a wall resolved LES according to [33] .
Further, for the filtered scalar (mass fraction, and energy) field, the quantity J j SGS =ũ j Ψ −ũ jΨ is closed as:
where Sc t (Pr t ) expresses the turbulent Schmidt (Prandtl) number. It is worth noting that the two-way coupling for drag, evaporations is realized between the gas and droplet particle phase. Their expressions are provided in [34] . Thereby, both carrier and dispersed phases in this formulation are treated separately and in a non-conservative form following [7, 34] . Further, as the LES considered do at least resolve 80% of the instantaneous carrier phase turbulence, the droplet particle dispersion and the fluctuations on the scalars are fairly considered. In LES methodology the state of turbulence at inlet and initial conditions is crucial as reported in many research contributions [23, 30, 32, 33] . Therefore, we follow the method of Nishad et al. [23] to provide realistic initial and inlet conditions for LES in the present paper.
Lagrange Particle Tracking
In this section, a brief overview of the governing equations for the liquid phase is provided. It is based on Lagrangian formulation and provided by a set of ordinary differential equations for droplet position X i and velocity u i as:
Thereby, the drag and buoyancy forces are only considered as the density ratio of dispersed and gas phase is in the order of 10 3 . Where, Re P = |U i − u i |d p ρ g /µ g is the droplet Reynold's Number, τ d = ρ p d 2 p / 18µ g the droplet relaxation time, and the droplet drag coefficient C D is given as (see in [7, 35] );
Along with the droplet motion, the heating and evaporation processes within the droplet are described by solving a 1D (1 dimensional) heat and mass transport equation to track the species and thermal evolution along the droplet radius according to [7] . In particular, equidistant 11 CVs along the radial coordinate are enough to properly resolve these evolutions. Heat and mass exchanges with the gaseous phase are computed according to the evaporation film-based model as reported in [15] . The evaporation rate is, thus, described as:
while the heat balance is given as:
where, d p is the droplet diameter, T d the droplet temperature,ṁ andṁ i represents the total evaporation rate of droplet and individual species i, respectively. D i,g the binary vapor/gas diffusion of component i in the gas, H vap the latent heat, c p,d and c p,vap,re f are the specific heat capacity of liquid and vapor phase, respectively . The quantities B T and B M are the Spalding mass and heat transfer numbers, respectively. Sh i denotes the modified Sherwood number given by:
and
define the Reynolds and Schmidt numbers, respectively. In particular Y i,∞ and Y i,s are the mass fraction of species i far field and at droplet surface, respectively. Equations (6) and (7) can be combined to deliver the heat transfer correlation as [12] ;
where, the updated Nusselt number Nu * is defined as [12] ;
thereby, the Prandtl number Pr is expressed as function of specific heat C pg , viscosity µ g , and thermal conductivity λ g of carrier gas, respectively. It should be noted that B T is related to B M by
In this study, the Lewis number Le is set to value 1. In order consider natural convection, the expressions above have been extended as reported in [23] .
Thermal Decomposition
The AdBlue ® droplet is a binary mixture of 32.5 wt % urea and 67.5 wt % water which is injected upstream of the SCR monolith into the exhaust duct, where the evaporation process first takes place by utilizing the available exhaust gas heat:
The resulting urea first melts (melting point of 407 K) if it is in solid state and, then starts to decompose thermally. In addition to ammonia production, the urea decomposition of also leads to the formation of ammonium isocyanate, biuret, and triuret. The cyanuric acid and other higher compounds are produced above 453 K. For very fast urea heating, the thermal decomposition processes which include both the thermolysis and hydrolysis follow after most of the water is evaporated. During thermolysis, urea decomposes into ammonia (NH 3 ) and isocyanic acid (HNCO) :
The produced gaseous NH 3 thus takes part in the SCR reactions to reduce the engine NO X , while the resulting HNCO will further react with water vapor to produce NH 3 through hydrolysis reaction:
Following [23] where only the thermolysis has been considered, in the present paper in which both the thermolysis and the hydrolysis are accounted for, the hydrolysis given by the reaction rate of Equation (15) is also described by an Arrhenius-type equation according to [5, 20] .
As already mentioned above, the SCR performance is greatly hindered by the incomplete thermolysis of urea ahead the SCR catalyst, among others. Which can be attributed to both the incomplete evaporation of water or/and to urea thermolysis process. This may lead to undesirable deposition solid by-products on the SCR duct walls and substrates inlets.
Liquid Wall Film and Deposit Formation
The droplet impingement over the wall may result in a liquid wall-film formation. Since the liquid film may flow along the wall and evaporate, this may evolve to form deposition after a certain characteristic time depending on the temperature and the flow rate in presence. The length scale of wall-film and solid deposit formation can vary from micro to macro scale depending upon the operational stage of SCR system. The rate of chemical reactions for deposit by-product formation can also vary extensively with certain reactions taking minutes to evolve completely. This way temporal and spatial evolution of the deposition features a highly complex phenomenon which is not very well understood. Using both simulations and experiments, Munnannur et al. [36] provided a regime map for droplet-wall interaction with respect to fundamentals of thermal and fluid dynamic properties. Birkhold et al. [5, 37] utilized a drop impingement model based on the work by Kuhnke [38] . Obviously, the spray wall-impingement and subsequent deposit formation depends on individual injection system and spray properties and decomposition, configuration of SCR mixing chamber, conditions on the exhaust pipe surface, etc. Given a specific SCR system, the chemistry models must consider some reaction pathways also resulting from incomplete decomposition (e.g., [5, 7, 8, 16] ). Nevertheless, the single step global mechanism for urea decomposition into NH 3 and HNCO as provided in Equations (14) and (15) is used in the present paper.
Regardless of this limitation, high-fidelity sub-models are generally used to investigate the key processes such as cross-flow turbulence and droplet-wall interaction to allow useful inferences to be drawn on urea deposit formation, especially the likelihood of wall-film development and impingement induced breakup which can influence the overall evaporation and conversion dynamics. The wall/droplet interaction description in the present paper relies on an advanced extension of the approach reported by O'Rourke et al. [39] . This extension includes droplet deposition, spreading of the film owing to impingement pressure/film inertia, rebound, and splashing (see in [40] ). In the case of droplet deposition, impacting droplets are treated as so-called wall particles. For these conditions, 2D (2 dimensional) equations for film mass, energy and momentum are solved. The resulting film thickness, which in this case results from the total volume of the deposited droplets, is described by an evolution equation. The various regimes of the drop-wall interaction (breakup/splash, deposition, rebound) are differentiated or determined by means of an effective impact parameter, K, and a suitable dimensionless temperature, T * , given as [37, 40] .
with u n is the normal velocity to the impinging wall. T w and T sat are the wall and droplet saturation temperature, respectively.
Numerical Procedure
In this study, a KIVA-4mpi CFD code which is open source is used (LANL (Los Alamos National Laboratory), Los Alamos, NM, USA) for its appropriate features recently integrated for LES investigations in [40] [41] [42] . The code is based on on finite volume formulation, and is also suitable for compressible flow simulations. An arbitrary Eulerian-Lagrangian (ALE) method is applied to track the droplets within an LES framework. More details about the governing equations and respective formulations for the dispersed and gas phase solver is provided in [35] . See also [7, [40] [41] [42] for more details.
Detailed Mathematical Modelling
To determine the influence of the evaporation model, the chemical kinetics and the ambient conditions on the evaporation and decomposition of UWS, it is numerically suitable to use a detailed numerical simulation. To reduce the computational efforts, the droplet is considered spherical so that a one dimensional models can be formulated [43] . In this subsection we rely on Stein et al. [11] . To avoid repetition, only the essential steps are recalled here.
Governing Equations
The required equations consist of mass, momentum and energy evolution equations as described in [44] . Integrating the convective terms often causes difficulties so the equations are transformed into modified Lagrangian coordinates [43] . For the gas-phase, these are [11] 
The equations of the liquid phase are transformed in the same way and read [11] ∂r ∂η t
In these equations, the quantities r, and ψ are the spatial radial coordinate, and Lagrangian coordinate, respectively. The superscript "() 0 " represent gas phase and "() 0 D " the liquid phase at droplet surface before second transformation with η the Lagrangian coordinate transformed for the liquid phase. The variables w and x are the mass and molar fraction, respectively. The thermo physical properties c p , p, R, λ, and h represent the constant pressure specific heat capacity, pressure, gas constant, heat conductivity, and enthalpy, respectively. r D the droplet radius, j i the diffusion flux density of species i, j q,c the heat flux density due to conduction, z the mass flux at droplet surface, φ the mass flux density, n S the number of species, r dec the reaction rate of urea decomposition, andω the source term due to chemical reaction.
In the gas phase detailed models are applied to describe the transport processes. An approximation by Hirschfelder and Curtiss [24] is used to determine the diffusion coefficients and heat fluxes are calculated using Fourier's law. As the droplet size is small convection can be neglected as it would only have a limited effect on heat and mass transfer. According to earlier studies, UWS shows only slight deviations from an ideal mixture [45] . It was also found that crystallization and over-saturation of urea show no strong influence on the evaporation process of UWS [46] . Furthermore, after most water has evaporated from an UWS droplet the temperature increases above the urea melting point in a very short time due to the small droplet sizes and thus, crystallized, urea is not expected to be present for a relevant amount of time [5, 47, 48] . For these reasons, urea is assumed to be liquid and can be modeled as an ideal mixture of liquids with property data taken from Yaws et al. [49] . During the water evaporation stage, the diffusion of urea within UWS is approximated by the diffusion coefficient of solid urea in water. When only a little amount of water is left in the droplet the influence of diffusion in the liquid phase becomes negligible. To ensure consistency, correlations from Reid et al. [50] are used to determine a diffusion coefficient of water in liquid urea during this phase.
Numerical Solution
Finite differences are employed to discretize the spatial coordinates for the gas phase (ψ) and for the liquid phase (η) on a non-equidistant adaptive grid. In this detailed numerical simulation, a total number of 100 grid points is sufficient to resolve the temperature and the species evolution in the liquid, gas phase and at the droplet interface. In the gas phase near the droplet transient steep gradients are expected. These gradients are resolved by a meshing procedure based on a grid function [51] , which is applied during the evaporation process. In the liquid phase the steepest gradients are expected close to the droplet surface and the grid is refined towards this position [52] . At the center of the droplet, symmetry boundary conditions are applied. Neumann boundary conditions with zero gradients are used at the outer boundary of the gas phase. They approximate an adiabatic vessel without mass flow through the boundary, which makes it easier to determine the overall mass and reaction rates of all species in the gas phase after the droplet is evaporated completely. The system of partial differential and algebraic equations for both phases is then integrated using the linearly implicit extrapolation method LIMEX [53] .
Interface
The multi-component evaporation model used in the detailed simulations is based on a model from Stauch [43] . It was modified in order to properly handle conditions with a strong difference in vapor pressure of the evaporating species. During the evaporation of one species, the second species is always near the vapor-liquid equilibrium. Such conditions are often found during UWS evaporation, especially when there is a high water content in the exhaust gas. In the resulting model, each species can independently condensate or evaporate irrespective of the overall mass flow. The assumptions of a continuous temperature profile T g = T l as well as a local phase equilibrium at the surface of the droplet were retained from the original model. To calculate the molar fraction of the evaporating species directly above the surface Raoult's law is invoked. The resulting equation for all evaporating species, transformed for mass fractions, is
with
The mass flux at the surface for each species is [11] φ vap,i = w
The overall vaporization rate is the sum of Equation (29) over all evaporating species. The boundary condition for other non-evaporating species reads
The system Equation (29) is thus closed by applying it to the liquid side. The equations for the liquid phase and for the gas phase are connected by the interface conditions and solved in a fully coupled way. The energy conservation equation for the interface is given in simplified form as [43] 
The Equations (17)-(21) thus represents the resulting system of partial differential algebraic equations for the gas phase and Equations (22)-(26) for the liquid phase. They are closed by Equation (27), and Equations (29)-(31) and the boundary conditions given in Section 3.2.2.
Assessment of the Multicomponent Evaporation Model: Evaporation Characteristics
In this section, the numerical data for the evaporation and thermal decomposition processes obtained by means of the detailed numerical simulations are used to validate the LES-based Eulerian-Lagrangian model applied to a generic standing droplet case (see Figure 1 , case S1), for which experimental data are not available.
Using the boundary conditions as outlined above for a detailed description and considering the associated computational costs, it is reasonable to analyze the overall mass and reaction rate in the gas phase after the droplet evaporation without convection around the droplet. Thus, a standing AdBlue ® droplet similar to that investigated in [23] is considered and relative velocity for which no experimental data is available. The numerical domain is extended to 100 droplet diameters or more so that possible interactions between the evaporation process and the outer boundary are inhibited. The obtained results are employed to assess the prediction capability of the multi-component evaporation model and thermal decomposition description. The properties used for comparisons between detailed simulations and the LES-based Eulerian-Lagrangian model are listed in Table 2 . The respective comparisons have been carried out under consideration of chemistry (Equations (15) and (14) ) and without chemistry, respectively. Considering both dry air and moist air environmental conditions, the results exhibit a very good agreement, demonstrating the suitability of the designed LES-based Eulerian-Lagrangian model when chemistry is not included. This is shown in Figure 2 for various temperatures (423 K, 573 K, 773 K). The results from both the simulations clearly capture the two typical slopes for the mass transfer of the AdBlue ® droplet. The first slope represents an initial stage of water evaporation while the second slope shows the urea decomposition and mass transfer process. Regarding the temperature evolution within the droplets, this corresponds to a small temperature gradient during the initial stage of evaporation followed by four stages (heating of UWS, constant temperature value until water fully evaporates, heating up of urea, constant temperature value until urea fully evaporates/decomposes) of thermal conditions inside the droplet as pointed out in [7, 23] . Subsequently, the predictive capability of the multi-component evaporation model is then appraised against the experimental data reported in [26] . Since the experiment is carried out for a static single droplet, the simulation results only from reduced model are validated (see Figure 3) . The comparison shows a good agreement with experiment for two operating gas phase temperatures. The well-known evolution of four stages of the droplet surface temperature (T s ) can be clearly seen as dashed line in Figure 3 . More details about experimental configuration and adopted measurement techniques can be found in [26] .
After the successful validation of the LES-based Eulerian-Lagrangian module, focus is now put on the impact of relative velocity taking advantage of the LES features on both the evaporation and thermal decomposition examined for various droplet diameters and gas phase temperatures (see Figure 1 , cases S2-4). 
Evaporation and Thermal Decomposition Characteristics: Influence of Droplet Relative Velocity
In order to carry out early design analysis, the droplet residence and life time together with the possibilities of droplet-wall impingement are of great relevance. At first, Figure 4a shows the comparison of droplet life time for a droplet with d p = 50 µm under stagnant and convective carrier gas conditions at various temperatures. It can be clearly seen that the convective gas at higher temperature enhances the mass transfer rate to many folds. This strongly influences the conversion rate as seen in Figure 4b . The effect of gas velocity will be further analyzed next. In fact, the usual operating conditions in automotive applications for the SCR exhaust after-treatment lie in the range of 5-100 m/s for the exhaust gas velocity, 400-1000 K for the exhaust gas temperature and 350-900 K for the wall temperature. The UWS is usually injected with the injection velocity ranging within 5-25 m/s and the injection temperature of about 300-350 K to atomize sprays characterized by Sauter Mean Diameters between 20-150 µm, (see in [5] . To gain further information, the phase change dynamics of AdBlue ® droplets of various diameter (25, 50, 100, 150, and 200 µm) typical for SCR systems are simulated. All the numerical simulations carried out are summarized in Table 3 . The respective results are shown in Figure 5 in which the noticeable influence of droplet relative velocity can be seen for each combination of droplet diameter and carrier gas temperature. The mass transfer is greatly enhanced when the gas temperature is increased from 473 K to 573 K, while it is more gradual between temperatures of 573 K to 673 K and 673 K to 773 K. With increasing gas temperature, the influence of droplet relative velocity becomes very minimal. This observation also holds for the other droplet diameters. However, as expected, the larger droplets last for considerably longer times than smaller droplet. This behavior is clearly displayed in Figure 6 for two temperatures, namely, 573 K and 773 K. For the lowest small relative velocity (5 m/s) droplet life time for biggest droplet is almost 20 times longer than for the small droplets (see Figure 6a ) and around ten times longer for higher relative velocity (40 m/s). These differences are smaller for higher gas phase temperature as seen in Figure 6b . Focusing on the droplet life time inside the SCR system, it appears that this parameter is a vital indicator of SCR system performance, once the AdBlue ® evaporation and subsequent mixing and NH 3 conversion efficiency are of interest. For a given SCR duct size (diameter and length), the droplet life time can then be utilized to draw inferences about liquid wall-film and subsequent deposit formation on the mixing duct wall and on the entrance cross-section of the monolith allowing at the same time to select the optimum injection characteristics. Since droplet may travel within the mixing pipe while thermally decomposing, the time and length scale of processes of interest are of utmost importance. In this respect, Figure 7 depicts the percentage of evaporated mass for various droplets at two gas temperatures, 573 K and 673 K, as a function of the droplet life time. Since the associated time scale is considerably larger for the bigger droplet at both temperature levels, it can be deduced that big droplets may have enough time to impact the pipe wall or the entrance front of the monolith. Considering all the results accounting for various relative velocities, Figure 8 provides a clear view of how the two parameters, relative velocity and initial diameter, impact the prediction of the droplet life time, exemplary at two different gas phase temperatures, T g = 573 K and T g = 773 K. It can be partially concluded that for a given droplet diameter, both high relative velocity and high gas temperature enhance the droplet evaporation rate while reducing the droplet life time. How the resulting urea is decomposed to provide the NH 3 gas needed to reduce NO X emission in the SCR system is depicted in Figure 9 . Thereby, the urea conversion efficiency which is defined as the ratio of decomposed mass of pure urea to the initial mass of urea is displayed as a function of droplet life time and imposed relative velocity for various droplet diameters at two different temperatures. It is apparent that for a given droplet diameter, higher relative velocity results in faster conversion. Further, higher relative velocity and temperature lead to higher conversion efficiency. With respect to the droplet size, it can be observed that larger droplets need more time to first evaporate water and then slowly decompose. The decomposition is faster with higher relative velocity for small droplets. By reducing the droplet diameter exemplary from 200 µm to 100 µm (case, T g = 573 K, relative velocity u rel = 20 m/s), it can be quantitatively seen that the time needed only for water evaporation process in the case of d = 200 µm (t evap = 0.35245 s) is larger than the total time for the overall decomposition (evaporation and thermal conversion) of the droplet with d = 100 µm (t evap + t decomposition = 0.2575 s).
This implies that small droplets and higher relative velocity are to be favored for optimal conversion of NH 3 in addition to higher temperature.
(a) (b) Figure 9 . Conversion efficiency with respect to various diameter and relative velocity for: (a) T g = 573 K; (b) T g = 773 K.
Effect of Turbulent Cross-Flowing on Droplet Dynamics Characteristics
In real SCR systems, complex unsteady turbulent multi-phase flow phenomena including polydispersed AdBlue ® spray evolve with a wide range of relative velocity between droplet phase and carrier gas phase. This results from AdBlue ® droplets which are sprayed into a mixing pipe which is flowing by a hot exhaust gas. To reduce the complexity while gaining early information on the injected droplet size needed for a minimum deposition and optimal conversion, only a single AdBlue ® is considered. It is injected into a hot turbulent cross-flowing stream within a mixing pipe under consideration of the operating parameters listed in Table 4 . The droplet may experience phase change processes including interaction with the pipe and monolith front wall; see Figure 1 , case S4). Table 4 . Operating parameters for hot-cross flow cases (Wall temperature T w is assumed equal to T g ).
Case
Gas Temperature, The injection location and the dimension of SCR duct are shown in Figure 1d . The droplet is injected with an injection velocity of 28.7 m/s at from an injector inclined at an angle of 50 • with respect to the horizontal plane (see Figure 1, (S4) ). Especially, the droplet residence time along with the droplet path length are investigated for various droplet diameters under (1) variation of the gas flow rate (T1M1 and T1M2, T2M1 and T2M2), and (2) variation of the gas temperature (T1M1 and T2M1, T1M2 and T2M2), respectively. In addition the case 3TM1 is designed to especially meet the condition for liquid wall-film formation during the droplet impingement. Figure 10 shows a regime map based on the impact parameters "K" and "T*" (see Equation (10)) for droplet-wall impingement of AdBlue ® as reported in [37] . It provides a clear demarcation among various impingement outcomes. The wall deposition is expected with droplet having very little momentum and lower wall temperature, while droplet can rebound when temperature is sufficiently high. By further increasing the droplet momentum, the droplet can splash and break into smaller droplets as suggested in [38] , which obviously can enhance the evaporation of AdBlue ® droplet and conversion rate (see Figure 11 ). Focusing on the residence time of the droplet, let us monitor the trajectory of the droplet resulting from two essential motions experienced by the droplet: the transverse motion pushing the droplet away from the injection point and a stream-wise motion carrying the droplet downstream with the cross-flow.
The obtained droplet trajectories for all cases under consideration are plotted in Figure 11 . To recall that both higher droplet relative velocity and higher gas temperature enhance considerably the droplet evaporation rate and, in turn, reduce the droplet life time (see previous section), indicating favorable SCR operating conditions. Apart from that, how further a droplet evolves and how long it takes to travel the SCR mixing duct may also give useful hint for possible wall impingement and subsequent liquid wall-film and deposit formation. Figure 11a depicts the droplet trajectory for the case "T1M1" (T g = 573 K,ṁ g = 100 kg/h). It can be clearly seen that the droplet (except d 0 = 100 µm) completely evaporates before reaching the end of the mixing section where the entrance cross-section of the monolith may be situated. In such a case, tendency to deposition formation on the SCR mixing duct wall or/and on the monolith entrance cross-section is avoided. Droplet/wall interaction is obvious for droplet diameters of 100 µm and 200 µm, only, for which splashing is observed. After splashing the droplet breaks into smaller droplets giving rise to an increase of evaporation. The degree of splashing is strong for droplet diameter of 200 µm while the longer droplet life time and longer droplet path length can be realized for diameter of 100 µm. Comparisons with case "T1M2" (T g = 573 K,ṁ g = 200 kg/h) (see Figure 11a ,b) allow to assess the influence of cross-flow on droplet dynamics. Compared to case "T1M1" all the droplets achieved longer droplet path length. Moreover, all the droplets, except d = 25 µm, can potentially cross the mixing duct and impinge the entrance cross-section of the monolith. Such a droplet can enter and further decompose in the fine channel of monolith or may lead to deposits formation across the SCR-monolith cross-section. To examine the influence of gas temperature, further comparison can be made especially between cases "T1M1" and "T2M1" (see Figure 11a ,c). Compared to case "T1M1" all the droplets have shorter trajectory, except for d = 100 µm. This can be attributed to complex wall-impingement dynamics predominantly bouncing in nature for droplet with diameter of 100 µm. Note that longer droplet path length is observed for all droplets in "T2M2" of strong gas flow rate in contrast to "T2M1" under the same gas temperature of T g = 673 K. Once different temperatures are considered, droplet trajectories in case of high temperature "T2M2" are shorter than in the case with low temperature "T1M2" under the same gas flow rate ofṁ g = 200 kg/h. The initial post-impingement droplet diameters are also provided at the respective impingement location for droplets which undergo splashing/rebound (see Figure 11 ). It can be noted that the droplet with d 0 = 100 µm undergoes bouncing without any noticeable breakup in all cases. However, droplet with d 0 = 200 µm solely experience intense splashing which give rise to smaller droplets after impingement. This in turn contributes to faster evaporation and reduced droplet life inside the SCR duct as shown in Figure 11 . Further, in order to evidence the influence of gas phase turbulence on the droplet dispersion, the instantaneous velocity of the droplet is plotted in Figure 12 for the case of d 0 = 25/50 µm,ṁ g = 100 kg/h, and T g = 573 K during its full lifetime. The turbulence impact on the droplet velocity is even higher at the last stage as the droplet diameter becomes smaller and smaller during its evaporation process. It can be further observed that for d 0 = 25 µm droplet, the dispersion is more significant as the droplet size is smaller, thus the droplet strongly follows the turbulent flow. In fact, by considering the two-way coupling between the gas phase and droplet, it turns out that the turbulent dispersion is adequately captured for the case of Stoke's number larger than one as it appears in this study without accounting for subgrid scale dispersion model [54] . According to [55] , it is worth noting that for RANS (URANS) additional dispersion model must be included which may require more numerical care with respect to the phase coupling procedure.
Additional simulations are performed with d = 55 µm to assess the wall-film formation dynamics for respective cross-flow conditions. Due to very weak impact, the droplet forms a wall-film (see Figure 11a ) and further convected along the duct wall until completely decomposed. Similar behavior is also observed for other two cases (T2M1, T1M2, see Figure 11b ,c), while at higher wall temperature in the case T2M2 , the droplet is bounced off after impinging, and convected closely parallel to the duct wall due to a weak impact. Considering the case 3TM1, the droplet impinges the wall and sticks on it and forms a liquid wall-film. This is clearly depicted in Figure 13 .
These characteristic behaviors can be imprinted within the diagram K-T* . This is done in Figure 10 for all cases under consideration in Table 4 . It turns out that the case 3TM1 features the condition for liquid wall-film formation on the duct wall that may lead to deposit formation as observed in [37] . 
Conclusions
A LES-based Eulerian-Lagrangian model tool including a multi-component evaporation model along with a thermal decomposition mechanism has been extended to include wall-film formation model in order to study the effect of turbulent cross-flowing stream conditions on the dynamic droplet characteristics. The impact has been recorded in terms of droplet trajectory and evaporation time, decomposition efficiency and liquid wall-film formation. The objective was to provide early information on the injected droplet size and velocity required for a minimum deposition and optimal conversion in terms of droplet trajectories, droplet evaporation time, decomposition efficiency and wall-film formation dynamics.
For that purpose, four droplet configurations have been designed. First, a standing droplet case without any relative velocity followed by a standing droplet case. Next, a droplet into convective environment with co-flow characterized by various relative velocities between the carrier phase and the droplet phase, and an injected droplet into a hot cross-flowing stream within a mixing pipe in which the droplet may experience phase change processes including interaction with the pipe wall along with liquid wall-film and possible solid deposit formation processes.
After a successful validation of the numerical tool by means of numerical experimental data from a detailed numerical model of a standing droplet case, the results from the investigations allow to draw following conclusions.
1.
As the evaporation characteristics obviously depend on the AdBlue ® droplet diameter, gas phase temperature and droplet relative velocity, it turns out that a smaller droplet diameter, higher temperature and relative velocity lead to shorter droplet life time as the droplet evaporates faster. Under such conditions, possible droplet/wall interaction processes on the pipe wall or/and at the entrance front of the monolith are avoided.
2.
Since the gaseous NH 3 generated by urea decomposition is intended to reduce NO X emission in the SCR system, it is apparent for the prediction of high NO X removal performance that UWS injector system which allows to realize such operating conditions (droplet with smaller diameter, higher relative velocity and gas temperature) will support high conversion efficiency of urea into NH 3 .
3.
Lower mass flow rate and higher gas temperature reduce considerably the droplet trajectory allowing a droplet to fully decompose before interacting with the entrance section of the monolith. This may help to avoid impinging and deposition on the pipe wall for small droplet (d < 50 µm) for the investigated conditions. 4.
The wall deposition consists essentially of two main processes: first, droplet impingement on the wall for which, based on K and T* values, the droplet can undergo various physical processes such as deposition, splashing rebound, breakup. Second, only deposited droplet may form solid deposition based on chemical kinetics and phase thermodynamics. In the present study only phase thermodynamics are considered to define the solid deposition, while chemical kinetics for solid deposit formation is scope of our ongoing research activities. On this basis, it has been clearly shown that the droplet wall impingement can be favorable scenario as it can be responsible for breakup into smaller droplets and subsequently cause faster evaporation and conversion.
5.
Considering the two-way coupling between the gas phase and droplet, it turns out that the turbulent dispersion is adequately captured by LES for a case of a Stoke's number that is larger than one as it appears in this study without accounting for a subgrid scale dispersion model. Note that for RANS (URANS) additional dispersion model must be included which may require more numerical care with respect to the phase coupling procedure. 
